The spatial patterns of dendritic structures diverge in different types of neurons as adaptations to their unique functions. Although different intracellular mechanisms underlying dendritic morphogenesis have been suggested, it is evident that the elevation in intracellular Ca 2+ levels plays a major role in the process. 
Introduction
Dendrites are predominant neuronal structures that constrain the total input a neuron can receive. Their forms determine the regions with which other neurons can communicate and how the signals received are integrated.
Dendritic development includes its growth and retraction by which patterns are formed. Since the branching pattern of a neuron dictates its function to a large extent, there has been a great deal of interest in elucidating the mechanisms by which dendritic growth and retraction are controlled during development. Dendritic growth is typifi ed by the addition and elongation of processes. The arbor is gradually patterned not only by the process of outgrowth but also by the selective maintenance and retraction of terminal dendrites [1] . Besides an autonomous growth program, the activity-dependent growth or modification of dendritic structure has become a focus of research in the past few years, and this has yielded a series of reports on the important role of Ca 2+ in several aspects of activitydependent dendritic development. In this review, we discuss how Ca 2+ signaling participates in the formation of dendritic structures, especially Ca 2+ infl ux via canonical transient receptor potential (TRPC) channels, and the molecular events underlying this process. In addition, the possible role of TRPC channels in the neurotrophic regulation of dendritic development is also discussed.
Effects of Ca 2+ Signaling on Dendritic Deve lopment
Ca 2+ signaling plays multiple roles in neuronal development, including axon growth, growth-cone turning, dendrite morphogenesis, and synapse formation [2] . A variety of neuronal functions, including synaptic signaling, shortand long-term plasticity, and gene transcription, can be regulated by Ca 2+ influx into the cytoplasm of dendrites and dendritic spines [3] . [5] . Further, various cell types require different Ca 2+ sources for dendritic growth.
Ca 2+ infl ux through NMDARs promotes dendritic outgrowth in tectal neurons in Xenopus [6] , while Ca 2+ influx from AMPARs, but not NMDARs, promotes dendritic outgrowth in rat spinal motor neurons in vivo [7] . However, even at the same developmental stage and in the same cell type, Ca 2+ elevation from different sources has different effects on dendritic development, sometimes even opposing each other. For example, Ca 2+ infl ux through VGCCs promotes dendritic growth in cultured cortical neurons [8] , whereas Ca 2+ infl ux through TRPC5 inhibits dendritic morphogenesis in cerebral cortex [9] . Therefore, it is likely that differences in Ca 2+ sources lead to different outcomes in dendritic development. Between the fi fth and sixth transmembrane domains is an ion pore region [11, 12] . These channels are considered to be critical sensors of external signals, activated by various chemical and physical stimuli; they function in vision, thermosensation, olfaction, taste, hygrosensation, and mechanosensation [12] . Members of the Trp superfamily also play pivotal roles during neuronal development including neuronal stem cell differentiation, axon guidance, dendritic outgrowth, and spine formation [13, 14] . For example, perturbation of TRPP2 causes a randomization of heart looping and embryonic turning [15] ; BDNF-induced chemoattraction is mediated by TRPC3 and 6 [16, 17] ; TRPC1
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is required for proper growth-cone turning in response to microscopic gradients of netrin-1; and TRPC5 and 6 play different roles in regulating dendritic development [18] [19] [20] [21] .
Among all its members, the Trpc subfamily includes the closest homologues of trp genes in mammals.
There are seven Trpc members, Trpc1 to Trpc7, and
Trpc2 is a pseudogene in Homo sapiens. The structure of TRPC channels has not been solved; however, it seems that they function in the form of homo-or heterotetramers [22] [23] [24] [25] . Based on similarity of amino-acid sequence, TRPC members can be subdivided into three groups:
TRPC1; TRPC3/TRPC6/TRPC7, and TRPC4/TRPC5 [11] .
They are assembled into hetero-tetramers of multiple compositions, usually within the subgroups. Interestingly, although the protein sequences of TRPC members share high similarity, the influences of TRPCs on dendritic development are various. In a recent report, He et al.
have shown that TRPC5 inhibits while TRPC6 promotes hippocampal dendritic growth. TRPC4, which belongs to the same subfamily as TRPC5, inhibits dendritic growth in hippocampal neurons [18] . However, suppression of TRPC4 by a specifi c siRNA or shRNA signifi cantly reduces the length of neurites in cultured dorsal root ganglion neurons [26] . Meanwhile, opposing regulatory effects of TRPC1 and TRPC5 on neurite outgrowth in PC12 cells have been reported [27] . 
R e g u l a t i o n o f D e n d r i t i c D e v e l o p m e n t b y Neurotrophins via TRPC Channels
Neurotrophins trigger a variety of responses, including cell proliferation [28, 29] , differentiation, survival of neuroblasts, and adaptive responses of mature neurons. Among the differentiation responses that neurotrophins elicit are alterations in neuronal cell fate [30] , regulation of neurite outgrowth and synapse formation, and changes in electrophysiological properties of neurons. There are four major neurotrophins, NGF, BDNF, NT-3, and NT-4/5, the receptors of which include TrkA, TrkB, and TrkC, with P75
as the co-receptor for all of them [31] . enhances dendrite outgrowth from layer 6 neurons [32] .
BDNF is the most extensively-studied molecule that is known to influence dendritic development from neurons in the central nervous system. It regulates the dendritic complexity of cortical pyramidal neurons by influencing total dendritic length, the number of branch-points, and the number of primary dendrites [33, 34] . Furthermore, using two-photon microscopy, recent studies have shown that BDNF is involved in activity-dependent dendritic plasticity.
Local release of BDNF can lead to the maintenance and/or outgrowth of dendrites at the release site. Overexpression of BDNF significantly alters the formation and stability of basal dendritic arbors via an autocrine mechanism. In a highly local fashion, paracrine BDNF also alters dendritic
branching. This provides a mechanism by which BDNF could participate in the formation of an active neuronal network [35, 36] . The Ca 2+ signaling initiated by neurotrophins has been reported to be critical for dendrite development. NT-4 promotes dendritic growth (Fig. 1) . In PC12 cells, NGF markedly up-regulates TRPC1 and TRPC6 expression, but down-regulates TRPC5 expression while promoting neurite outgrowth, which suggests that a balance in TRPC1, TRPC5, and TRPC6 expression determines the neurite extension rate in neural cells [37] . However, TRPC1 and TRPC5 similarly increase Ca 2+ infl ux in PC12 cells, but only TRPC1 induces neurite outgrowth. The constitutive STIM1
(D76A) mutant that activates Ca 2+ influx via TRPC and induced neurite outgrowth by TRPC5 is due to a marked reduction in the surface expression of TRPC1 [27] . All these observations indicate that neurotrophins infl uence dendritic growth through TRPC channels by regulating either their channel activities or expression levels.
Mechanisms of Action of TRPC Signaling on
Dendritic Development
Several mechanisms may account for the differential TRPC regulation of dendritic development. First, the spatial and temporal expression patterns of TRPCs vary with their subunits. For example, TRPC1 does not occur at the synapse in hippocampal neurons, whereas it is expressed in perisynaptic regions and is physically associated with metabotropic glutamate receptor 1 in Purkinje cells and dopaminergic neurons [38] [39] [40] . In the hippocampus, TRPC1
and TRPC3 are detectable at postnatal days 7 and 14, respectively, and their expression levels remain high into adulthood. In contrast, the peak expression of TRPC4, TRPC5, and TRPC6 is between postnatal days 7 and 14 [18] . Second, distinct upstream regulators of TRPCs may impact their functions. For instance, TRPC3 can be directly phosphorylated by protein kinase G (PKG) [41] . Like PKG, PKC activity negatively regulates TRPC3 [42] . [Ca 2+ ] i stimulates TRPC6 activity and inhibits TRPC7 activity via Ca 2+ /calmodulin [42] . On the other hand, Ca 2+ infl ux through dendritic outgrowth [43] . It has been reported that CaMKIIα, CaMKIIβ, and CaMKIV can be activated by Ca 2+ influx through TRPC channels. Activation of TRPC5 induced by NT-3 inhibits dendritic growth through the activation of CaMKIIα, while TRPC6 activated by BDNF or NT-4
promotes dendritic elongation and arborization via CaMKIV.
After phosphorylation, CaMKIV is transferred into the nucleus to stimulate CREB, leading to the activation of gene transcription (Fig. 1 ) [9, 18, 19] . Fourth, the numbers of 
Conclusion and Perspectives
In conclusion, TRPC channels play critical roles in dendritic development as summarized in Table 1 [11, 12] . This process can be initiated by neurotrophic factors, and after Trk protein sequences at both the N-and C-termini, it is worth studying the different effects of the transmembrane regions on dendritic development. Another related question is why even the same TRPC channel (e.g. TRPC6) acts differently in various cell types. To some extent, these questions can be explained by the temporal or spatial distribution of these channels, however, more experiments are needed to solve these puzzles. Understanding of these questions is important for exploration of the roles of TRPCs in dendritic development and beyond. [27] Store-operated? TRPC2 1/2.7 DAG, Store-operated? Vomeronasal organ, testis, N.D.
heart, brain, sperm TRPC3 1/1.5-1.6 DAG, InsP 3 R Brain, placenta, heart, muscle Hippocampal neurons↑ [14] TRPC4 1/7 Receptor-operated Brain, endothelia, adrenal gland, DRG neurons↑ [26] Store-operated? retina, testis Hippocampal neurons↓ [18] TRPC5 1/9-9.5 Receptor-operated Brain PC12 cells↓ [27] Store-operated? Hippocampal neurons↓ [19] TRPC6 1/5 DAG Brain, lung, muscle Hippocampal neurons↑ [13, 19] TRPC7 1/1.9-2 DAG, store-operated Eye, heart, lung N.D.
